Purpose: Nefopam is a widely available analgesic for the management of pain. The aim of this study was to reveal the effect of regional hyperthermia of the abdominal area on the pharmacokinetics of nefopam. Materials and methods: A randomised, single-dose, crossover, open-label study was conducted to reveal the effect of hyperthermia using modulated electrohyperthermia on the pharmacokinetics of nefopam. The pharmacokinetics of orally administered nefopam without hyperthermia was studied in 12 healthy volunteers and then 7 days later they were treated with nefopam plus modulated electro-hyperthermia to the abdominal area for 1 h. Blood samples were collected up to 24 h after the drug administration. From the blood concentration-time curve, the maxinum plasma concentration (C max ), time to C max (T max ) and the area under the curve (AUC) were obtained. The safety and tolerability of these treatments were also assessed. Results: The geometric mean ratios (GMRs) ((nefopam + modulated electro-hyperthermia)/nefopam) and the associated 90% confidence intervals (CIs) for C max , AUC last and AUC inf were 1.2804 (1.1155$1.4696), 1.0512 (0.9555$1.1566) and 1.0612 (0.9528$1.1819), respectively. The increase in C max was statistically significant, and T max was significantly shortened. Conclusions: The significant increase in C max and decrease in T max indicated that modulated electro-hyperthermia increased the absorption of the orally administered nefopam, thereby transitionally increasing the blood concentration of the drug. The AUC is an important parameter that contributes to the therapeutic effect of drugs. The lack of significant change in AUC suggests that modulated electro-hyperthermia may increases the absorption of orally administered drugs without increasing the systemic adverse effect of the drugs.
Introduction
Nefopam (3,4,5,6-tetrahydro-5-methyl-1-phenyl-1 h-2,5-benzoxazocine hydrochloride) is a widely used analgesic to ease acute and chronic pain since it was discovered more than 40 years ago [1] [2] [3] . Nefopam was first used for muscle relaxation to avoid spasms [3] and it has become a popular analgesic prescribed to ease acute and chronic pain. Nefopam is unrelated chemically or pharmacologically to any of other analgesic compounds. Nefopam is a non-opioid that affects the uptake of serotonin, norepinephrine and dopamine [2, 3] . However, its analgesic mechanism has not yet been fully revealed although nefopam has been shown to affect the serotonin-type neurons of the opioid system [4] . Nefopam has been shown to be more effective than narcotic analgesics: 30 mg of nefopam produces an analgesic effect equivalent to that of 300 mg of aspirin or approximately 90 mg of morphine [2, 4] .
It has been well known that mild temperature hyperthermia increases the blood circulation and permeability in the target organs or tissues [5] . Therefore, we hypothesised that hyperthermia of the abdominal region might increase the absorption of orally administered nefopam, and thereby it increases the efficacy of the drug. As the first step of our clinical study, we investigated the effects of regional hyperthermia of the abdominal area on the pharmacokinetics of nefopam in healthy volunteers.
For the heating of the abdominal area we used modulated electro-hyperthermia with EHY-2000 (Oncotherm, Troisdorf, Germany), which has been used to treat a variety of human cancers [6] [7] [8] . This treatment device is designed to selectively heat malignant tumours and tumour cells via modularly delivering 13.56 MHz RF [7, 9, 10] . Impressive clinical response has been reported for a variety of human cancers including brain tumours [6, 8] .
The present study demonstrated that regional hyperthermia of the abdominal area of healthy volunteers increased the uptake of orally administered nefopam. These results of a randomised, single-dose, crossover, and open-label clinical trial should be useful in determining the optimal drug dose and other factors for the effective use of nefopam in combination with hyperthermia.
This study was registered with the identification number KCT 0001301 at the Clinical Research Information Service in Republic of Korea (CRIS, http://cris.nih.go.kr).
Materials and methods

Study design
We conducted a randomised, single-dose, crossover, openlabel study to investigate the effects of electro-hyperthermia on the pharmacokinetics (PK) of nefopam in healthy volunteers of both genders and of various ages. As the characteristics of an exploratory study are different from those of a conventional clinical trial in terms of statistical hypothesis evaluation, a minimum number of subjects, total 12 subjects, were used. Nefopam was administered orally in Acupan capsules (Pharmbio Korea, Seoul, Republic of Korea).
Subjects
At least eight subjects were required to obtain 90 % statistical power. Considering the dropout rate, a total of 12 subjects consisted of for men and eight women were enrolled in this study. The inclusion criteria for this study were chosen to allow the enrolment of a wide range of patients in the study:
Healthy adults aged 19-53 (this is unique because we did not include gender or age restrictions). Body mass index (BMI) range 18.0-24.8 kg/m 2 . No history of a congenital or chronic disease over the prior 3 years, and no findings of pathological symptoms or other disorders at the time of the screening. Results of the laboratory screening including haematology, blood chemistry, and urine tests were used to determine the eligibility of the subjects for this study. After being fully briefed on the study objectives and study content the patients voluntarily agreed to participate in the study by signing an informed consent form. Willing to and capable of following all of the procedures during the study period. The exclusion criteria were strict, thereby allowing the enrolment of a unified cohort of healthy volunteers.
This study was approved by the Institutional Review Board of Chonbuk National University Hospital (Jeonju, Republic of Korea) and was conducted according to the Declaration of Helsinki for biomedical research involving human subjects and the Guidelines for Good Clinical Practice. A detailed explanation of the study was provided to all subjects, and written informed consent was obtained from all participants prior to screening.
Methods
All subjects were orally administered one tablet of nefopam hydrochloride in the form of an Acupan 30 mg tablet. The first sequence received nefopam alone, whereas second sequence received nefopam with modulated electro-hyperthermia. Based on the results of a previous study [11] on the washout period (the time until the drug is excreted from the body) the time between the first sequence and sequence of nefopam from the human body was set at 7 days.
Blood samples for the PK analysis were collected before drug administration (0 h) and 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12 and 24 h after drug administration for a total of 12 blood samples. The blood was collected using heparinised tubes, and stored temporarily in an icebox. Within 30 min after sampling, the tubes were centrifuged for 10 min at 2,700 rpm at 4
C. Plasma (1 mL) was transferred into two cryotubes containing 1.0 mL of 5% formic acid (98%) diluted in water. The remaining plasma was divided into two aliquots, frozen at À20 C for 24, and then stored at À70 C until further analysis. The serum concentration of nefopam was analysed using a validated liquid chromatography mass spectrometry method and blood concentration time-curves for nefopam were obtained by plotting the nefopam concentrations in blood as a function of time after nefopam administration. The AUC last , primary area under the curve from nefopam administration to the final time point was obtained. The AUC inf , area under the curve extrapolated to infinitive time was calculated from the AUC last and the elimination rate constant as follows: AUC inf ¼ AUC last + C t / z. The maximum concentration of nefopam in the blood (C max ), the time when the C max occurred (T max ) after nefopam administration and the half-life (t 1/2 ) of blood nefopam were measured. The clearance rate removal of nefopam per unit time after oral administration (CL)) and the volume of distribution (Vd) (the quantity of nefopam divided by the blood concentration assuming that the drug is distributed evenly in the body after oral administration) of nefopam were also measured. Patient vital signs and possible adverse effects (AE) were also monitored.
Modulated electro-hyperthermia
The modulated electro-hyperthermia treatment was applied using an EHY-2000 clinical heating device set at a 13.56 MHz carrier frequency and amplitude modulated according to a time fractal pattern. The modulated electro-hyperthermia was performed for 60 min starting half an hour after nefopam administration. The subjects were positioned supine on a water-mattress electrode. A circular upper electrode 30 cm in diameter was coupled over the abdominal area covering the entire liver, both kidneys and at least more than 90% of the intestines. The power output was 100 W for the first 10 min, 120 W over the next 10 min and 150 W for the remaining treatment time. Self-calibration of the device was performed before every treatment. The body temperature, blood pressure and pulse rate of each subject were measured before, during and after the experiment. Body temperature was measured using an infrared ear thermometer (IRT 4020, Braun Gmbh, Kronberg, Germany), and temperature of the abdominal skin surface below the circular upper electrode probe was measured using a non-contact infrared thermometer transmitter (Thermo Checker DT-060, Easytem, Gyeonggi-do, Republic of Korea). Adverse events (AEs) were monitored throughout the study. AEs were determined by investigator inquiry and by spontaneous patient reports. AEs were recorded in terms of symptoms and signs, duration and severity (mild, moderate, and severe). The clinical safety parameters, including the blood glucose levels, vital signs, 12-lead ECG results and clinical laboratory tests, were performed at pre-determined intervals.
Statistics
Statistical analysis was conducted using SAS software (version 9.3, SAS Institute, Cary, NC, USA). To compare the C max , AUC last , and AUC inf values between the two treatment groups, the geometric mean ratio (GMR) and 90% confidence intervals (CIs) were calculated using analysis of variance (ANOVA) based on a mixed effects model that considered the sequence,
Results
The 12 healthy subjects consisted of four men and eight women. The age distribution was 19-53 years, and the BMI range was 18.0-24.8 kg/m 2 . The individual anthropomorphic data for all of the enrolled individuals are shown in Table 1 .
Body temperature before the experiment ranged from 36. 4-36.9 C (mean 36.5 C) and that after modulated electrohyperthermia ranged from 36.9-37.8 C (mean 37.4 C), indicating an average rise of 0.9 C. The temperature of the abdominal skin surface underneath the upper electrode before heating ranged from 35.2 -36.1 C (mean 35.5 C) and it increased to 39.8-40.9 C (mean 40.5 C), indicating the average surface temperature increase by about 4 C ( Figure 1 and Table 2 ).
The arithmetic mean values of the C max , AUC last , AUC inf , T max , t 1/2 , CL/F and Vd/F of the nefopam alone and nefopam + modulated electro-hyperthermia group are shown in Figure 2 and Table 3 . It is shown that C max significantly Figure 1 . Temperature measurements of the abdominal area were repeated immediately after the first modulated electro-hyperthermia and ranged from 39.8-40. 9 C (mean 40.5 C), indicating an average surface temperature increase of 4 C. increased by 28%, whereas AUC last and AUC inf were not significantly changed. The GMRs ((nefopam + modulated electro-hyperthermia)/nefopam alone) with the associated 90% CIs for C max , AUC last and AUC inf , are shown in Table 4 . The 90% CIs for parameters were within the bioequivalence limit of 0.8-1.25. The geometric mean ratio (point estimate) between the nefopam + modulated electrohyperthermia and the nefopam alone was 1.2804 for C max, and
1.0512, and 1.0612 for AUC last and AUC inf ,, respectively (Table 4) . These results were showing no significant effect of modulated electro-hyperthermia on the AUCs whereas the regional heating significantly increased C max. The t 1/2 (terminal half-life of blood concentration in blood), CL/F (apparent total clearance of the drug for the plasma, and Vd/F (apparent volume of distribution) were not significantly altered by hyperthermia. We observed no significant changes in the clinical laboratory results, which included the 12-lead ECG, vital signs, and physical examination. Two of the subjects complained of nausea and dizziness after receiving nefopam alone and one subject felt mild fatigue after nefopam + modulated electro-hyperthermia. Importantly, all the subjects recovered from the adverse events within 2 h after treatment without further complications.
Discussion
In the present study, mild heating of the abdominal area of healthy volunteers with modulated electro-hyperthermia significantly increased the maximum blood concentration (C max ) and reduced the time for reaching the maxim blood concentration (T max ) of the orally administered nefopam, a widely used analgesic drug [2] [3] [4] .
We used the modulated electro-hyperthermia heating unit to mildly heat the abdominal area of healthy volunteers. The characteristics of the EHY-2000 heating unit have been described previously [7, 10] . In the present study we did not measure the temperature in the internal organ, but observed that the body temperature increased by about 0.9 C and the temperature of the skin surface under the circular electrode with 30 cm diameter increased by about 4 C at the end of 1 h heating (Figure 1) . The significant increase in C max (peak concentration of nefopam in blood), and the significant decrease in T max (time to reach C max after drug administration) clearly indicated that the absorption of the orally administered drug to blood stream was significantly increased by the modulated electro-hyperthermia of abdominal area. The significant increase in C max did not affect the hepatic metabolism or renal metabolism of the drug as indicated by the lack of significant change in the t 1/2, CL/F and Vd/F ( Table 3) .
The mechanisms underlying the increase in C max and decrease in T max by mild hyperthermia of the abdominal area is unclear. However, it would be reasonable to suggest that the regional hyperthermia of the abdominal area increased the temperature in the internal organs, particularly the gastro-intestinal (GI) system, thereby increasing the blood circulation in the organs and improving the absorption of the drug. It is also possible that an elevation of temperature in the GI system improved the permeability of the GI tract. The increase in cutaneous temperature, as indicated by the 4 C increase in skin surface temperature under the 30-cm diameter electrode, may have caused marked increase in cutaneous blood perfusion in the heated area [5, 12, 13] . It is highly likely that significant increase in regional temperature leads to an increase in systemic blood circulation and influences the pharmacokinetics of drugs. Collectively, we may hypothesise that heating the abdominal area increased blood circulation in the GI system as well as that in whole body, and thereby it increased the absorption of orally administered nefopam.
Interestingly, local heating has been known to reduce or even block pain [14] [15] [16] . Increase in the oxygen supply and increase in the elimination of carbon dioxide as well as other metabolic wastes via heat-induced increase in blood circulation may account for the heat-induced reduction of local pain [14] . A clinical investigation on the potential increase in the These values are presented as the geometric means (CV%). The 90%CIs for parameters were within the bioequivalence limit of 0.8 to 1.25. The point estimate is geometric mean ratio. C max , maximum plasma concentration; AUC last , area under the curve until the final time point; AUC inf , area under the curve extrapolated to infinity least-squares mean (LS). DOI: 10.3109/02656736.2015.1095358 analgesic effect of nefopam by mild local hyperthermia is in progress in our institute.
Although the present study was on the pharmacokinetics of nefopam, the result of the present study may have significant implication for the treatment of cancer with hyperthermia in combination with chemotherapy [17] [18] [19] [20] [21] since regional heating may significantly increase body temperature and alter the pharmacokinetics of chemotherapeutic agents.
In the present study, we used modulated electro-hyperthermia to regionally heat the abdominal area of patients and observed a significant increase in the body temperature and the uptake of orally administered nefopam. It remains to be elucidated whether or not similar increase in the uptake of orally administered drug would occur with other types of hyperthermia devices.
Conclusion
In conclusion, the increase in C max and decrease in T max indicated that the absorption of nefopam is increased by modulated electro-hyperthermia of the abdominal area. The AUC is an important parameter that influences the therapeutic effect of drugs [22] . The lack of significant changes in the AUC suggested that regional heating of the abdominal area increased the absorption of orally administered drugs, thereby transitionally increasing blood concentration of drugs without increasing the adverse effect of the drug.
